Nonlinear two-photon absorption in a quantum dot-graphene nanoflake nanocomposite system has been investigated. An external laser field is applied to the nanocomposite to simultaneously observe two-photon processes in the quantum dot and excite localized surface plasmons in the graphene nanodisk. This resonance condition can be achieved by tuning the plasmon resonance frequency in the graphene nanoflake via electrostatic gating. It is found that the strong local field of the graphene plasmons can enhance and control nonlinear optical processes in the quantum dot. Specifically, we show that the two-photon absorption coefficient in the quantum dot can be switched between single-and double-peaked spectra by modifying the graphene-quantum dot separation. Two-photon processes in the quantum dot can also be switched on or off by slightly changing the gate voltage applied to the graphene. Our findings indicate that this system can be used for nonlinear optical applications such as all-optical switching, biosensing and signal processing.
Introduction
Recent advances in nanofabrication techniques have led to a rising interest in the optoelectronic properties of nanocomposite systems which combine quantum emitters (e.g. quantum dots or fluorescent molecules) with plasmonic (i.e. conducting) nanoparticles [1] . Typically, these types of nanocomposites employ the strong local electromagnetic field produced by localized surface plasmons in noble metal nanoparticles to enhance and/or control optical processes in nearby molecules or semiconductor nanoparticles. The localized surface plasmon resonance of a metallic nanoparticle can be tuned by varying its size or shape, or by changing the properties of the surrounding non-conductive environment [2] . Strong local fields generated by localized surface plasmons are particularly attractive in the study of nonlinear optical processes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , which scale with a high power of the electric field. A number of recent experimental and theoretical studies have demonstrated that nonlinear optical processes such as two-photon absorption/luminescence [3] [4] [5] [6] and second- [7] [8] [9] or third-harmonic generation [10] in semiconductor quantum dots can be enhanced by surface plasmons in metal nanoparticles, indicating that quantum dot-metal nanoparticle hybrid systems can be used for nonlinear optical applications such as all-optical switching, biosensing, and other types of signal processing [3, 4] . Two-photon fluorescence from biological markers (dyes, aptamers, etc) enhanced by noble metal nanoparticles has also been widely studied for applications in biological imaging [11] [12] [13] . Zhang et al [12] , for example, demonstrated that energy transfer between a commonly used molecular DNA label and gold nanoparticles under two-photon excitation using fluorescence lifetime imaging microscopy can be used to provide detailed information in biological studies.
Graphene has also attracted a great deal of attention in experimental and theoretical investigations on nanocomposite systems [15] [16] [17] [18] [19] [20] . In several studies, graphene-quantum dot nanocomposites were fabricated and resonant energy transfer was observed through the photoluminescence of the quantum dots, which was strongly quenched in the presence of graphene [15] [16] [17] . Energy transfer in a quantum dot-graphene nanocomposite system has been investigated theoretically [18] . Hybrid graphene-quantum dot phototransistors have been fabricated and were found to exhibit ultrahigh photodetection gain with high quantum efficiency [19] . In the field of plasmonics, graphene has been recognized as a promising alternative to noble metals, as plasmons in chemically or electrostatically doped graphene have been shown to facilitate strong light-matter interactions and can be easily tuned electrostatically [21, 22] . Strong coupling between plasmons in nanostructured graphene with a quantum emitter has been predicted in theoretical studies, which could lead to the development of quantum plasmonic devices that operate at the single-photon/plasmon level [23] [24] [25] .
In several experimental studies, interesting nonlinear optical effects in graphene-based nanocomposites have been observed. For instance, Feng et al [26] synthesized graphene nanosheets decorated with tiny CdS quantum dots and observed nonlinear scattering and nonlinear absorption at two distinct excitation wavelengths. Lee et al [27] deposited gold nanocrystals of various shapes on graphene oxide and examined the linear and nonlinear optical properties of the graphene oxide-gold nanocrystal composites. They observed a four-fold enhancement in the two-photon excitation emission intensity of the nanocomposite compared to that of pure gold nanocrystals.
In the present paper we have developed a theory for the enhancement and control of two-photon absorption in a nanocomposite made by combining an electrostatically doped graphene nanoflake with a quantum dot. In this hybrid system, the electrostatically tunable localized surface plasmons in the graphene nanoflake generate a strong local electromagnetic field that enhances the nonlinear optical response of the quantum dot. Here, two aspects of nonlinear two-photon absorption in the quantum dot are investigated. The two-photon absorption coefficient and the energy absorption rate (absorbed power). We show that the two-photon absorption coefficient and absorbed power in the quantum dot can both be controlled by changing the Fermi level in the graphene nanoflake via electrostatic gating. This effect can be used to manipulate two-photon absorption and/or fluorescence from the quantum dot. Our findings are also directly applicable to graphene nanocomposites made with other types of quantum emitters such as molecules, dyes, etc. It is anticipated that the present hybrid system can be used to fabricate nonlinear optical devices such as switches, biological sensors and signal processors.
Local field enhancement
In our model a semiconductor quantum dot is placed above a graphene nanoflake lying in the x-y plane, where the center-to-center distance between the nanoflake and the dot is denoted as R. A schematic diagram of the system is shown in figure 1(a) . Together the quantum dot and graphene nanoflake form a nanocomposite or hybrid system. It is considered that the graphene nanoflake is deposited on a dielectric substrate with relative permittivity s , while the quantum dot is surrounded by a background dielectric material with relative Figure 1 . (a) Schematic diagram of the quantum dot-graphene nanoflake nanocomposite (hybrid) system. The graphene nanoflake lies on a dielectric substrate and a quantum dot is placed directly above and a distance R from the nanoflake. The quantum dot is embedded in a dielectric medium. A gate voltage V g is applied to the graphene nanoflake. (b) Energy level diagrams for the quantum dot and graphene nanoflake. The external field excites surface plasmons in graphene and excitons in the quantum dot via two-photon absorption. permittivity b . An external laser field E 0 cos (ωt) is applied to the system, which interacts with both the quantum dot and graphene nanoflake.
In the graphene nanoflake the optical excitations are localized surface plasmon polaritons, which have a resonance frequency ω sp . When the frequency of the external field lies near the surface plasmon resonance frequency (i.e. ω ≈ ω sp ), there is a strong excitation of surface plasmons in the graphene nanoflake. These plasmons create a dipole moment P g in the nanoflake, which in turn produces an enhanced local field at the location of the quantum dot given as
Here g x is called the polarization parameter, which takes the value g x = −1 when the applied field is in the plane of the graphene nanoflake (x-y plane). To calculate the polarization of the graphene nanoflake P g we solve Maxwell's equations using the quasistatic approximation, which allows us to assume a spatially uniform but time-varying electric field across the nanoflake. Note that this approximation is only valid for nanoparticles with dimensions much less than the wavelength of incident light [28] . An analytic expression for P g is obtained by modeling the graphene nanoflake as a very flat and thin oblate spheroid with semimajor axes d x = d y and semiminor axis d z , where d x > d z . The in-plane polarization of the nanoflake for an electric field applied in the plane of the nanoflake (x-y plane) is then found as
In the above expression, α x (ω) is the dipole polarizability in the two-dimensional limit d x d z [29] , while the quantity sb = ( s + b ) /2 is the effective relative permittivity of the medium surrounding the graphene nanoflake, which accounts for the differing dielectric media on either side of the nanoflake [30] . In equation (3), σ g (ω) is the in-plane conductivity of graphene and is obtained as [23] 
Here E F is the Fermi energy of the doped graphene nanoflake and τ = µE F /ev 2 F is the intrinsic relaxation time, where v F is the Fermi velocity and µ is the dc mobility. At the surface plasmon resonance frequency ω sp , the real part of the denominator in equation (3) becomes zero and α x becomes large. Therefore, the local field from the graphene nanoflake (E g ) is strongest when ω = ω sp .
In a number of experimental studies it has been shown that the Fermi energy in graphene can be controlled via electrostatic gating, where the relationship between E F and an external gate voltage V g can be described using a simple capacitor model as [31, 32] 
In the above expression, C g is a constant which depends on the gate capacitance and V 0 is the offset voltage caused by natural doping. Hence, the polarizability α x (ω) and surface plasmon resonance frequency ω sp of the graphene nanoflake, which depend on the Fermi energy, can be tuned by varying the gate voltage.
Since the quantum dot is near the graphene nanoflake it interacts with both the external laser field and the local field produced by graphene, both of which oscillate at frequency ω. The total electric field experienced by the quantum dot is then given from
where eff = (2 b + qd )/3 b , qd being the dielectric constant of the quantum dot. We treat the quantum dot as a two-level system, where |1 and |2 are the ground and excited states, respectively, and the resonant frequency for the transition |1 ↔ |2 is denoted by ω 0 . In this paper we consider the case where the two-photon resonance frequency of the quantum dot is twice the surface plasmon resonance frequency of the graphene nanoflake, i.e. ω 0 = 2ω sp (see figure 1(b) ). This resonance condition can be achieved for a specific quantum dot simply by choosing an appropriate value for V g + V 0 . Due to the strong local field from the graphene nanoflake, nonlinear two-photon absorption occurs in the quantum dot when 2ω = ω 0 . In our model, the quantum dot undergoes two-photon excitation from the ground state |1 to excited state |2 through virtual transitions involving one or more intermediate states |n which are far from resonance with the external field. In this case the polarization of the quantum dot P qd can be expressed as [33] 
In the above expression, ρ ij (i, j = 1 or 2) are the two-level density matrix elements which are obtained in the following section of this paper, and k ij are called the two-photon coefficients and are given as
Here ω ni and µ ni and the transition frequencies and dipole matrix elements, respectively, between states |n and |i . The first and second terms in equation (7) represent the contributions to the polarization of the quantum dot from the off-resonant dipoles (which depends on the populations in states |1 and |2 given by ρ ii ) and the two-photon two-level coherence ρ 21 , respectively [33, 34] .
Density matrix formalism
The density matrix elements appearing in equation (7) are evaluated from their equations of motion obtained using the master equation method [33, 35] . Using equation (6), the two-level two-photon density matrix equations of motion are obtained as dρ 22 
where
Here = 2ω − ω 0 is the two-photon detuning parameter, and γ are the relaxation and dephasing rates, respectively, for the transition |1 ↔ |2 , and
The equations of motion for the remaining density matrix elements are easily obtained through the relations ρ 11 + ρ 22 = 1 and ρ 12 = ρ * 21 . In the above expressions, the parameter 0 denotes the two-photon Rabi frequency due to direct two-photon absorption in the quantum dot from the external field, while the term g represents the local field enhancement factor due to the plasmons excited in the graphene nanoflake. Finally, the parameter S represents the dynamic Stark shift which appears due to frequency shifts in the levels |1 and |2 induced by virtual transitions to the intermediate level(s) |n [33, 34] . The density matrix equations of motion are solved under steady-state conditions to obtain the elements ρ ij , which are used to calculate P qd .
Two-photon absorption
The quantum dot absorbs energy from the external field and from the enhanced local field of the graphene nanoflake through a two-photon absorption process. The two-photon absorption coefficient of the quantum dot can be obtained from P qd as [33] 
where V qd is the volume of the quantum dot. Analytical expressions for the density matrix elements ρ ij are obtained in the steady state and used in equation (7) to obtain the two-photon absorption coefficient of the quantum dot as
Notice that the above expression depends on both the external field ( 0 ) and the local field produced by the graphene nanoflake ( g ). The second term in the denominator leads to a broadening of the absorption spectrum that depends on the intensity of the external field through 0 . This broadening is referred to as power broadening in the literature [36] . However, the second term in the denominator also depends on the local field from the graphene nanoflake through the term g , which depends on the graphene polarizability α x (ω) and the center-to-center distance between the nanoflake and the quantum dot R. This is an interesting effect which we will refer to as local field broadening. We also note that the two-photon absorption coefficient is inversely related to 0 and g . Following the method of [18] , we calculate the power absorbed by the quantum dot via the two-photon absorption process as
Using the steady-state solution for ρ 22 we obtain
Note that the power absorbed by the quantum dot depends on the population density ρ 22 of the excited state |2 , which in turn depends on the local field enhancement from the graphene nanoflake through g . This shows that the energy absorbed by the graphene nanoflake can be transferred to the quantum dot. However, there is no energy transfer from the quantum dot to the graphene nanoflake because conservation of energy would not be satisfied in this process (since ω 0 = ω sp ).
Results and discussion
The graphene nanoflake has a radius d x = 17 nm and is deposited on a silica substrate ( s = 1.96). To calculate the optical response of the graphene nanoflake we use parameters C g = 2 × 10 16 m −2 V −1 and V g + V 0 = 36.6 V, while v F = c/300 is the Fermi velocity and µ = 10 000 cm 2 V −1 s −1 is the dc mobility [23] . The background dielectric material for the hybrid system is taken as GaAs ( b = 10.95). Using the parameters given above, the surface plasmon resonance frequency of the graphene nanoflake is calculated using equation (3) as ω sp = 175 meV. As a realistic example, we choose a p-type InAs/GaAs self-assembled quantum dot ( qd = 11.84) as described in [37] . For this quantum dot the energy difference for the transition from the ground state |1 to the intermediate state |n ashω n1 = 160 meV, while the two-photon resonance frequency and relaxation rate arē hω 0 = 350 meV andh = 200 µeV, respectively [33] . Note that the p-type InAs/GaAs quantum dot was chosen so that the resonance frequencies of the graphene nanoflake and quantum dot satisfy the condition 2ω sp = ω 0 . The in-plane transition dipole moments are obtained in [37] as µ n1 = 0.11e × nm and µ 2n = 0.21e × nm. In the following simulations we consider that the external driving field is polarized along the x-axis and has an intensity of 750 kW cm −2 .
Effect of quantum dot-graphene separation
We first study the effect of the separation distance between the quantum dot and graphene nanoflake on two-photon processes in the quantum dot. In figure 2 we plot the two-photon absorption coefficient (α TPA ) as a function of the two-photon detuning for various values of quantum dot-graphene nanoflake separation R.
The results presented in figure 2(a) show that when the graphene-quantum dot separation is larger (i.e. R = 40 nm or higher) the absorption spectrum consists of a single, narrow peak located at = 0. As R is decreased to 35 and 30 nm (dashed and dash-dotted curves, respectively), the peak in the absorption spectrum broadens and its height decreases. The observed broadening is attributed to the local field broadening as discussed in equation (14) , while the asymmetry in the two-photon absorption spectrum is a result of the dynamic two-photon Stark shift. The Stark shift parameter S also depends on the local field enhancement factor g , and it increases as R decreases (see figure 2(a) inset) .
In figure 2(b) we study the two-photon absorption spectrum of the quantum dot when considering smaller values of the graphene-quantum dot separation R. In this case the absorption spectrum switches from a single narrow peak at R = 30 nm (solid curve) to two local field-broadened peaks near = ±3 meV and a minimum at = 0 when R = 15 nm (dash-dotted curve). The observed splitting in the absorption spectrum occurs due to the local field enhancement term g in equation (14) , which has frequency-dependence from the graphene polarizability α x (ω). The local field enhancement term has a maximum at = 0, where the frequency of the external field coincides with the plasmon resonance frequency in graphene (i.e. ω = ω sp ), and increases as R decreases (see figure 2(b) inset) . For sufficiently small values of R, the local field from the graphene nanoflake (E g ) is large enough to suppress two-photon absorption in the quantum dot at frequencies near = 0. This phenomenon is also evident by inspection of equation (14), which shows that α TPA approaches zero as g becomes very large.
The quantum dot power absorption spectrum given by equation (16) is plotted in figure 3(a) . We find that for larger quantum dot-graphene separation values (i.e. R = 40 nm, solid curve) the power absorption spectrum has a single, narrow peak. The width of the power absorption peak drastically increases as R is decreased to R = 25 nm (see dashed curve) due to local field broadening, as explained for the results shown in figure 2(a) , and the height of the peak also increases. A further decrease of the separation to R = 15 nm results in the emergence of a two-peaked, asymmetric structure in the power absorption spectrum, and we observe two maxima (points A and C) and a local minimum (point B). This behavior arises from the competition between the local field enhancement of both the two-photon Rabi frequency and the Stark shift. In effect, let us consider the equations of motion for the density matrix elements, equation (10) . We can devise that the effective Rabi frequency which drives the quantum dot is given by eff ≡ 0 (1 + * g ) 2 , while the effective detuning is given by eff ≡ ( + S ). Note that S takes negative values since 0 < 0; hence the system will be close to resonance in the situation which minimizes eff while keeping a value of eff high enough to efficiently drive the quantum dot from the ground level to the upper level through the two-photon step. These two competing effects produced by the plasmon interaction balance each other to produce the two maxima at points A and C, while at point B the effect of the Stark shift S dominates, resulting in a reduced value of the power transfer to the quantum dot. This can be inferred by considering the -dependence of both magnitudes ( eff and eff ) presented in the inset of figures 3(a) and (b). The global maximum at point C is obtained when magnitude of eff is small (see figure 3(b) ) while the effective Rabi frequency remains appreciable ( figure 3(a) inset) . The amount of power absorbed at point A is obtained for a point where the effective detuning reaches a large value: In a conventional two-level system this situation would result in a negligible population of the upper level. However, in the current system the effective Rabi frequency is also -dependent and exhibits a large enhancement, which allows for a large population of the upper level even in the presence of such a large value of eff at point A.
To summarize, we have demonstrated that two-photon processes in the quantum dot can be enhanced by the local field created by plasmons in the graphene nanoflake. For the hybrid system we have considered, the value of the graphene-quantum dot separation R can be controlled by changing the thickness of GaAs between the graphene nanoflake and the quantum dot during fabrication. Once the system has been fabricated, the separation can be changed by applying stress and strain fields (i.e. the hybrid system can act as a pressure sensor). The results we have presented here are also valid if the quantum dot is replaced by a chemical or biological molecule for which two-photon absorption occurs. In this case the hybrid system can be used as a biological sensor, where different molecules attached to the graphene nanoflake will have different effective separations R. Another potential application for the present system lies in thermal sensing, where a thermally sensitive spacing material between the quantum emitter and graphene is used. As the temperature increases the thermal spacer will expand, thereby changing R.
Effect of gate voltage
We now investigate the effect of the gate voltage applied to graphene on the two-photon processes in the quantum dot. Recent studies have shown that plasmons in graphene can be conveniently controlled using electrostatic gating [19, [21] [22] [23] [24] [25] . By changing the gate voltage V g applied to the graphene nanoflake, one can change the concentration of conducting electrons in the nanoflake. This changes the Fermi energy in graphene through equation (5), which in turn changes the plasmon resonance frequency of the nanoflake through equations (4) and (3). To consider the effect of the gate voltage in our calculations, we replace V g in equation (5) by V g + V g and vary V g . Note that in the present investigation the applied gate voltage does not alter the energy levels of the quantum dot, but merely modifies the properties of the graphene nanoflake.
The two-photon absorption coefficient of the quantum dot is plotted in figure 4 as a function of the two-photon detuning parameter for various values of V g . Here we have fixed the graphene-quantum dot separation at R = 15 nm. Note that the solid curve in figure 4 corresponds to the dash-dotted curve in figure 2(b) , where V g = 0 and a minimum appears at = 0. By increasing the gate voltage such that V g = 1.0 and 2.0 V (see dashed and dash-dotted curves, respectively, in figure 4) we find that the minimum in the absorption spectrum shifts towards positive detunings. This phenomenon occurs due to the shift in the plasmon resonance frequency of the graphene nanoflake, which changes from its original value ω sp = 175 meV to ω g sp = ω sp + 1.24 meV and ω g sp = ω sp + 2.41 meV when V g = 1.0 and 2.0 V, respectively. The shift in the plasmon frequency changes the frequency at which g reaches its maximum value (see figure 4 inset). It is also worth pointing out that the local field enhancement factor decreases significantly at = 0 as the gate voltage changes from V g = 0 to V g = 2.0 V (i.e. the peak in g is shifted away from = 0). When the gate voltage is increased the enhancement factor has a very small value at = 0 and the two-photon absorption coefficient switches from a minimum to a maximum value.
From the above discussion we conclude that the minimum in the two-photon absorption spectrum can be shifted by changing the applied gate voltage. The secondary peaks in the absorption spectrum at higher detunings (i.e. at ≈ 5 meV when V g = 1.0 V or at ≈ 7 meV when V g = 2.0 V) are smaller because the external field is detuned from the two-photon resonance of the quantum dot. By varying the external gate voltage these secondary absorption peaks can also be switched from high to low values.
In figure 5 (a) we have plotted the two-photon power absorption spectrum when R = 25 nm for cases where V g = 0, 1.5 and 3.0 V (see solid, dashed and dash-dotted curves, respectively). Note that the peak in the power absorption spectrum shifts away from = 0 towards positive detuning as the gate voltage is increased. This result demonstrates that the power absorption at = 0 can also be switched from high to very low values as V g is increased only slightly. As the plasmon resonance is shifted to new frequencies by the change in gate voltage, the effective Rabi frequency also moves to higher detunings. The primary peaks in the power absorption spectra then indicate the location of the maxima in eff (see figure 5 (a) inset). In figure 5(b) we have shown the effective detuning eff for the same values of V g used in figure 5(a) . At point A, the effective detuning is close to resonance, whereas it is slightly further from resonance at point B. Thus, the enhancement of the pumping by eff is less effective, which would account for the fact that in figure 5 (a) the peak value of the dashed curve is less than that for the solid curve.
Effect of graphene size
We now resort to analyze how the size of the graphene nanoflake influences the power transfer to the quantum dot. This question is pertinent in view of the fact that the plasmon resonance can be roughly estimated to be given by ω sp = 3e 2 E F /16h order to analyze the effect of the graphene flake's size on W qd , we performed numerical simulations by slightly changing the value of d x around the original value of 17 nm while keeping fixed the intensity of the driving field fixed (750 kW cm −2 ) and the value of R = 15 nm. The results are depicted in figure 6 (a) for cases where d x = 16 and 18 nm. In the case of the largest value (d x = 18 nm, dashed curve) the power transferred to the quantum dot exhibits a two-peaked structure: One peak is located close to = 0 whereas the other shifts to the negative detuning region. For a nanodisk of this size, the new plasmon resonance ω sp falls downward to 170.8 meV, which in turn leads to a shift of the resonance for the local field enhancement factor g to the negative detuning region. In the case of the smallest value considered in figure 6(a) (d x = 16 nm, solid curve), the power transferred to the quantum dot exhibits a three-peaked structure: We recover a peak close to = 0 (point A) and obtain two outer maxima (points B and D) with similar heights and a local minimum (point C) between these two maxima. For this particular size of graphene nanodisk, the new plasmon resonance ω sp rises upward to 181.1 meV, which in turn results in a shift of the resonance for the local field enhancement factor g to the positive detuning region. The split of the expected maximum into two maxima (points B and D in figure 6(a) ) arises again from the competition between the dynamical Stark shift and the local field enhancement of the Rabi frequency, in a similar way to the results obtained for the dash-dotted curve in figure 3(a) . This can be further confirmed by inspecting figure 6(b) , which depicts the effective two-photon Rabi frequency and the effective detuning: The Stark shift at point C is at its maximum (see figure 6(b) inset) , and simultaneously, the enhancement of the Rabi frequency reaches its maximum value. Thus, at point C the Stark shift dominates over the enhancement of the Rabi frequency, whereas at points B and D the latter dominates and produces the maxima.
To summarize, we have investigated nonlinear twophoton absorption in a graphene-quantum dot nanocomposite system. Here the plasmon resonance frequency of the graphene nanoflake is taken as half the two-photon excitation frequency of the quantum dot (i.e. ω sp = ω 0 /2). In this situation the plasmonic local field from graphene interacts strongly with the quantum dot, enhancing the nonlinear two-photon processes. We have shown that two-photon absorption processes in this nanocomposite system can be tuned by varying the gate voltage applied to graphene, which can be used to electrostatically switch two-photon absorption in the quantum dot on or off. Singh [9] has studied nonlinear second-harmonic generation (SHG) in a quantum dot-metallic nanoparticle hybrid system, where an enhancement in SHG was found due to the interaction between the dipoles induced in the metal nanoparticle and quantum dot. In this case, the plasmon resonance frequency of the metal nanoparticle and the two-photon excitation frequency in the quantum dot were resonant (i.e. ω sp = ω 0 ), and so a resonant dipole-dipole interaction occurs. In the quantum dot-metal nanoparticle hybrid system, it was demonstrated that the SHG signal could be switched on or off by applying a secondary control laser field [9] .
Conclusions
We have theoretically investigated two-photon absorption in a quantum dot-graphene nanoflake nanocomposite system. It is found that when the frequency of an applied external laser field coincides with the plasmon resonance of the graphene nanoflake, a strong local field is generated by the plasmons in the nanoflake. When the quantum dot is near the nanoflake, the local field from graphene causes a broadening of the two-photon absorption spectrum. If the quantum dot is brought even closer to the nanoflake, the spectrum of two-photon absorption splits from a single peak to two peaks. It is also found that power absorption in the quantum dot is enhanced by the local field from the graphene nanoflake. We have also shown that for this nanocomposite system the two-photon absorption process in the quantum dot can be further manipulated by changing the Fermi energy in the graphene nanoflake via electrostatic gating. Our findings indicate that two-photon absorption and power absorption in the quantum dot can be switched on or off by changing the gate voltage across the graphene nanoflake. These results suggest that the quantum dot-graphene nanoflake hybrid system can be used for nonlinear optical applications such as all-optical switching, biosensing and signal processing.
